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Abstract 
Laser beam welding of butt joints made of the newly developed high-strength Al-Zn alloy PA734 is conducted. A new approach 
of the Helmholtz-Zentrum Geesthacht is used to solve the problems of weldability and softening. The results of the fatigue, 
fatigue crack propagation and fracture toughness tests are discussed relating to the microstructural characteristics and the 
mechanical properties of the laser welded joints and compared to the base material. The obtained data can be used for the 
assessment of the damage tolerance behaviour of the laser welded integral aircraft structures made of Al-Zn alloys. 
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1. Introduction 
High strength Al-Zn alloys and innovative joining concepts have been developed to meet the future demands of 
the aircraft industry with respect to safety, productivity, weight and cost savings. The newly developed Al alloy 
PA734 (Al-Zn-Cu-Mg) exhibit a superior strength in comparison to conventionally aircraft Al alloys like 2024 and 
7020. Laser beam welding as an efficient joining technology is already established in the aircraft industry for lower 
fuselage panels (Dittrich et al., 2011). It is well known that high Zn-containing Al alloys are very hard to weld due to 
the formation of porosity, hot cracks and a strength undermatched weld (Davis, 1996). And these are the key 
obstacles for a widespread use of Al-Zn alloys. The patented approach of the Helmholtz-Zentrum Geesthacht for 
solving these weldability problems of Al-Zn alloys is the utilization of vanadium (V) foil in combination with a 
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conventional filler wire for laser beam welding (Riekehr et al.). By this, welds with low porosity, without hot 
cracking and reduced mechanical degradation can be provided. The determining criterion for structural application 
of the high-strength Al-Zn alloy is the availability of reliable data for the damage tolerance assessment. 
This study presents the experimental results for the fatigue behaviour, the fatigue crack propagation and the 
fracture toughness of laser welded butt joints made of the high-strength Al-Zn alloy PA734. The obtained results are 
discussed in matters of microstructural characteristics and mechanical behaviour and are also compared to the results 
of the base material. 
2. Materials and experimental procedures 
2.1. Base and filler materials 
In this study the Al-Zn-Cu-Mg alloy PA734 in the over-aged T79 condition was used with a thickness of 3.2mm. 
Al-Mg series alloys are generally recommended for welding Al-Zn series alloys. This is the reason why 5087 was 
chosen as filler wire with a diameter of 1.0mm. The chemical compositions of the Al alloys used are given in Table 
1. Additionally to the filler wire a 99.8% pure vanadium foil was used. 
Table 1. Chemical composition (wt%) of the used aluminium alloys. 
Alloy Si Fe Cu Mn Mg Cr Zn Ti Al 
PA734 0.03 0.04 2.13 0.01 1.64 - 6.77 0.02 Bal. 
5087 0.25 0.40 0.05 1.10 5.20 0.25 0.25 0.15 Bal. 
2.2. Laser Beam Welding 
The laser beam welding of the butt joints was performed using an industrial robot which was connected to a 
3.3kW Nd:YAG laser. The used welding configuration is shown in Fig. 1. For retaining the position of the sheets 
during welding a mechanical clamping device was used. An accurate positioning of the vanadium foil during 
welding was achieved by laser tack welding it on the face (joining zone) of one sheet (Fig. 1a). The shielding gas 
argon on the top side was supplied coaxially to the laser beam whereas on the bottom side it was continuously 
supplied. The used laser welding parameters are given in Table 2. 
 
(a)  (b)  
Fig. 1. Laser beam welding configuration (a) and industrial robot used for welding (b). 
Table 2. Optimized process parameter for laser beam welding. 
Parameter Unit Value 
Laser power kW 3.2 
Welding speed mm/min 1800 
Feed rate of filler wire mm/min 3600 
Flow rate of shielding gas (top / bottom) l/min 15 / 20 
Focal position mm -3 
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2.3. Mechanical testing procedures 
The micro-hardness properties of the laser beam welded joints were determined by the use of Vickers micro-
hardness indentation tests HV0.2, in accordance to DIN EN ISO 6507-1. Therefore several hardness indentations 
were made at all important regions of the weld. 
The tensile properties (in the transverse direction) of the base material and the laser welded joints were 
determined on flat tensile specimens by a strain-controlled tensile test, according to DIN ISO EN 6892-1. 
The load-controlled fatigue tests were carried out on a servo-hydraulic machine in air at ambient temperatures 
and an R-ration of 0.1. Flat fatigue specimens with a continuous radius were used. 
The fatigue crack propagation tests were performed on a servo-hydraulic machine at constant load amplitude 
using 10Hz sinusoidal wave form and an R-ratio of 0.1, in accordance to ASTM E647. Compact tension (C(T)100) 
specimens - notched in the fusion zone of the joint - were used. The crack mouth opening displacement was 
measured optically using a travelling microscope and indirectly using a crack mouth opening displacement (CMOD) 
clip. 
The R-curve and fracture toughness behaviour was assessed in accordance to EFAM GTP 94 procedure 
(preliminary work led to ISO 12135). Here compact tension specimens (C(T)50) - notched in the fusion zone of the 
joint - were used. The CMOD and crack tip opening displacement (CTOD G5) were measured via clips. 
For all mechanical tests - accept the micro-hardness tests - the specimen surfaces were machined by mechanical 
milling to avoid an adverse effect of surface defects. 
3. Results and discussion 
3.1. Microstructural properties 
The micrographs of the joint - laser welded with V foil and 5087 wire as filler material - are shown in Fig. 2. The 
weld seam exhibited a significant reduced porosity in comparison to conventional weld joints of high-strength Al-Zn 
alloys. Although the V foil was completely molten during welding, large V-rich particles (with approx. 80 wt.% V) 
were still observed in the weld seam (Fig. 2b). Due to the differing chemical composition and the resulting locally 
changed mechanical properties, these particles are supposed to act as metallurgical notches.  
 
(a)   (b)  
Fig. 2. Micrograph of the laser welded joint (a) and SEM micrograph of microstructure in the weld seam (b). 
3.2. Mechanical properties 
The results of the micro-hardness and tensile tests for the base material (BM) and the laser beam welded (LBW) 
joints are shown in Fig.3. By the use of V foil as additional filler material it was possible to influence the local 
mechanical properties of the weld seam. 
The fusion zone (FZ) of the joint showed a micro-hardness 70% of the micro-hardness of the BM with 170HV - 
which is only 5% less of the micro-hardness of the heat affected zone (HAZ). The micro-hardness peaks as well as 
the overall improved micro-hardness of the FZ can be explained by the high hardness of pure V with approx. 628HV 
and the possible appearance of intermetallic phases. 
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A similar behaviour was observed for the tensile properties of the laser welded joint, which showed an ultimate 
tensile strength (UTS) of 70% of the BM. But due to the very high initial strength of the BM with 540 MPa this is 
still a superior strength. In contrast to that, other aircraft Al alloys like 2024 and 7020, showed in spite of a high 
joint efficiency a significant lower residual strength of the welded joint (dos Santos, 2000). In addition a 
considerable reduction of ductility was observed for the welded joint. The fracture always occurred in the FZ. 
Despite of the improved mechanical properties in the weld seam, the FZ and the HAZ represent a strength 
undermatching in comparison to the BM. 
 
(a)  (b)  
Fig. 3. Micro-hardness profile (a) and tensile properties (b) of the base material and the laser welded joint. 
3.3. Fatigue 
The results of the fatigue tests are shown in Fig.4 in form of a stress-life (S-N) diagram. The BM showed an 
approximate endurance limit - where no rupture occurred - at about 55% of the ultimate tensile strength, whereas the 
laser welded joint showed no distinct endurance limit. Only at fatigue stress of 15% of the ultimate tensile strength a 
life time of 10 million cycles was reached. And above 50% of the UTS no valid data was obtained for the laser 
welded joint. The Basquin slope - indicated by the triangle - of the BM with -0.04 is considerable lower as the slope 
of the laser welded joint with -0.21. This implies that a small reduction of load leads to higher life times for the BM. 
The fracture predominantly occurred along the fusion line. This is most likely due to the crystallographic 
misorientation between FZ and HAZ and the notch sensitivity of Al-Zn alloys (Kaufmann, 2001). 
 
 
Fig. 4. S-N curves of the base material and the laser welded joints. 
3.4. Fatigue crack propagation (FCP) 
The results of the FCP test are shown in Fig. 5. The linear regime of the FCP behaviour (Fig.5a) can be described 
with Paris law. The determined parameters are given in Table 3. Apparently the slope - indicated by the triangle - of 
the BM is lower compared to the FZ and the HAZ which is conform to the observations for other Al alloys (Ambriz 
et al.). The shift to lower crack propagation rates can be explained by the changed tempering condition due to 
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welding and the resulting lowered tensile strength of the HAZ (Schwalbe, 1980). In addition there was a drop-off 
observed for the laser welded joint. The crack propagation life behaviour (Fig. 5b) of the laser welded joint showed 
a shift to lower crack propagation rates as it was already observed in Fig. 5a.  
During crack propagation the crack was leaving the FZ - where the pre-crack was inserted - and ran into the HAZ 
(Fig. 6a). The position of this zone transition is marked in the diagrams. This fact can be explained by the local 
mechanical overmatching in the FZ due to the high strength V-rich particles in contrast to conventional welded 
aluminium FZ and the undermatching of the HAZ compared to the BM (dos Santos et al.). 
 
(a)  (b)  
Fig. 5. Fatigue crack propagation rate (a) and the crack propagation life (b) behaviour of the base material and the laser welded joint. 
Table 3. Parameter values of the fitting curves (Paris law) in Fig 5a. 
Material C n R2 
BM 1.60·10-10 2.87 0.98 
LBW (HAZ) 3.01·10-11 3.09 0.91 
 
The resulting fracture surface is shown in Fig. 6b and 6c. During the transition from the FZ to the HAZ a 
considerable morphology change was observed. The fracture surface of the FZ exhibited a fine-structured, brittle 
morphology which indicates retarded crack propagation. In contrast to that the fracture surface of the HAZ showed a 
more ductile morphology which on the other hand indicates enabled, fast and uniform crack propagation, which can 
be also seen in Fig. 5b. The dark areas on the fracture surface can be explained by tear off whose surfaces grinded 
on each other. This tear off can explain the drop-off in the linear regime of the laser welded joint in Fig. 5a and the 
asymmetric (through thickness) crack path. 
 
(a)  (b) (c)  
Fig. 6. Schematic illustration of the crack path through the specimen (a) and macrograph (b) and SEM micrograph (c) of the resulting fracture 
surface. 
3.5. Fracture toughness properties 
The results of the fracture toughness tests are shown in Fig 6. The R-curves of the BM compared to other aircraft 
Al alloys is shown in Fig. 7a. Apparently PA734 exhibits a better fracture resistance than the Al-Cu alloy 2024, but 
an inferior fracture resistance than the Al-Zn alloy 7020. For the laser welded joints it was impossible to determine 
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an R-curve due to the lack of stable crack growth. For this reason the crack tip opening displacement (CTOD) for 
different positions in the joints were determined and compared to electron beam welded (EBW) joints. It is 
interesting to note, that PA734 showed a comparable behaviour to the Al-Cu alloys, in which the CTOD value of the 
FZ is significant lower as the value for the BM. This can be explained by the reduction of ductility due to the use of 
V for laser welding. In contrast to that, the Al-Zn alloy showed a reversed behaviour. There the FZ and also the 
HAZ showed a higher CTOD value and hence showed a higher ductility. 
 
(a)  (b)  
Fig. 7. R-curve of the base materials (a) and crack tip opening displacement in different regions of welded joints (dos Santos et al.). 
4. Conclusion 
The laser beam welding process for the high-strength Al-Zn alloy PA734 was developed to optimize the 
microstructure, the porosity and the mechanical properties of the joint. For this purpose the patented approach of the 
Helmholtz-Zentrum Geesthacht - the utilization of V foil in combination with a conventional filler wire - was used 
for laser beam welding. The following conclusion can be drawn: 
(1) A significant reduction of porosity in the weld seam and hence the elimination of the key obstacle for the 
non-use of high-strength Al-Zn alloys was achieved. 
(2) In addition improved local mechanical properties resulting in a high joint efficiency were achieved. 
(3) The laser welded joints showed inferior fatigue behaviour in comparison to the BM which is typical for Al-
Zn alloys with high notch sensitivity. 
(4) The laser welded joints showed atypical fatigue crack propagation behaviour due to the transition of the 
crack from the FZ to the HAZ. In conventional Al alloys the crack stays in the undermatched FZ. 
(5) The fracture toughness of the laser welded joints is more comparable to Al-Cu alloys as to Al-Zn alloys. In 
addition the fracture toughness of the joints is characterized by a large scatter and instable crack growth due 
to the local inhomogeneous mechanical properties. 
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